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ABSTRACT

Atmospheric turbulence degrades the electromagnetic propagation
medium and affects many military applications. The strength and spatial
distribution of turbulence are critical parameters that arise in theoretical modeling
and experimental situations. This thesis investigated three outer scales of
turbulence using experimental data from two instruments: microthermal probes
carried by a balloon and an acoustic sounder. The outer length scale is the size
of the largest energy-containing eddy in a turbulent region of the atmosphere.

The length scales considered were the thermal length scale /, associated with
temperature fluctuations, the momentum length scale /_, which represents the

size of the velocity fluctuations and the boundary thermal convective cell size.
The microthermal balloon data had excessive scatter when the thermal outer
scale was expressed in terms of the gradient Richardson number. A reasonable

functional relationship was not found and unrealistic outer scales /, > 1000m and
Ri, > 100 prevailed. The primary reason was that inadequate sampling of the

turbulent layers prevented the computation of valid statistical averages. The

volume backscatter cross-section measured by an acoustic sounder provided
better statistical averaging of the optical structure parameter C? than the
microthermal balloon data. The separation of daytime convective thermal

plumes was found from the acoustic sounder data by computing average C?

values between 20 to 50 meters for each acoustic pulse and performing an
autocorrelation of these averages over 600 seconds. Multiplying the
autocorrelation time by the wind speed gave the separation between the
convective thermal maxima and their minima. The mean correlation length for
March 2002 at the Starfire Optical Range was 1590 + 770 meters, between
1000 and 1600 local time. This length is proportional to the convective thermal
cell size and to the boundary layer inversion height. A smaller length scale of
200 meters also appeared in the acoustic sounder data associated with the local

height of the data and the hill above the ground.
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. INTRODUCTION

A. OBJECTIVES

Atmospheric turbulence is an important area of study in the propagation of
electromagnetic waves because it degrades the propagation medium.
Fluctuations in atmospheric pressure and temperature cause fluctuations in the
air's index of refraction, i.e. optical turbulence, which in turn distort the phases of
propagating waves. Optical turbulence is produced by two mechanisms: Near
the surface, the heat flux interchange between the earth’s surface and the air is
the dominant contributor. Above the surface, mixing of air with different

temperatures by vertical wind shear is the dominant mechanism.

Besides degrading imaging systems, optical turbulence also causes
beam wander and spreading in laser applications. The understanding of
atmospheric turbulence and its effects is critical to some military systems. With
the growing use of lasers in laser guided bombs, laser designation and ranging
devices in the military, it has become a necessity to understand the degrading

effects of atmospheric turbulence on these systems.

Different parameters characterize optical turbulence. One of the most
important is the optical structure parameter C?, which contributes to most other
variables such as the coherence length r,, isoplanatic angle é,,, and Greenwood
frequency f, (Sasiela 1994). The parameter C? is valid over a range of scale

sizes extending from an inner scale on the order of one centimeter to an outer
scale L, of meters, known as the inertial range. The outer scale size is of
particular interest since it reflects the physical boundary conditions involved in
the generation of turbulence and is a critical scale needed for turbulence
modeling. This thesis focused on three different outer scale lengths, the thermal

turbulence length scale /,, the turbulent velocity length scale / , and a horizontal

convective scale L, .



The objective of this thesis was to estimate the outer length scales using
data from two instruments: micro-thermal probes and an acoustic sounder.
Using the first data source, the purpose was to examine the relationship between

the length scales /, and [ at different altitudes and the gradient Richardson
number Ri, using experimental data from balloon launches. The data used for

this study was a series of 27 micro-thermal balloon launches taken by the U.S.
Air Force Research Laboratory (AFRL) from 27 February through 8 March 2002
at Vandenberg Air Force Base located in southwest coastal California. The Air
Force conducted three micro-thermal launches a night starting just after sunset
and each launch was two hours apart. Data was collected during the night
because of the daytime solar heating of the temperature probes, which produced
erroneous data during day launches (Richardson 1997). The thermosondes
measured root mean square (RMS) temperature differences with a pair of 3.8-
micron fast response temperature probes attached to a balloon launch device
(Brown et al. 1982).

Using the second data source, the size of the convective boundary layer

scale L, was explored using acoustic data. An acoustic sounder was directed

vertically into the atmosphere to collect turbulent atmospheric data from 1 March
to 29 March 2002 at the Starfire Optical Range in Kirtland Air Force Base, New

Mexico.

B. BACKGROUND

1. Modeling Turbulence with Length Scales

Length scales play an important role in understanding atmospheric
turbulence. Similar to the characteristic length in the Reynolds number, which
sets the conditions for turbulent and laminar flow, the length scale is a scale size
of the energy source. In addition, the length scale helps resolve the closure

problem in turbulence modeling.



Turbulence is a random and non-linear phenomenon and many attempts
have been made to model the process. The Navier Stokes equations describe
atmospheric turbulence but the enormous computational problem restricts
solutions to small Reynolds numbers (~10° — 10*). Reynolds’ decomposition of a
flow variable into a mean quantity, e.g. U and a fluctuating component, e.g. v’
helps to simplify the problem but introduces new variables, creating the closure
problem (Beland 1996).

To handle the closure problem presented by the cross-correlation fluxes

such as (u'w'), (v'w'), and (6'w'), turbulence parameterization schemes

represent turbulent fluxes in terms of the bulk meteorological variables pressure,
temperature, wind speed and their gradients. First order closure
parameterizations approximate the turbulent momentum and heat fluxes as
gradients

ww)=-K, 2 (rw)=—K, 5, (wo)--K, 5, Q
where K, and K, are the exchange coefficients for momentum and heat. The K
parameters relate the fluxes to gradients in the mean wind and temperature fields
and are analogous to diffusion coefficients in the kinetic theory of gas. There are
many models that describe the K-parameters and the use of turbulence
parameterization shifts the closure problem to one prescribing the correct K
parameters (Sorbjan 1989). While first order closure model treats the K
parameters as constants, higher order models express K parameters as
functions of a length or time scale, or the Richardson number (to be discussed
later). The characteristic length scale, also called the mixing length turns out to
be a key parameter of these models and largely governs the accuracy of the
predicted turbulence (Andrén 1990).

However, determining the proper length scale is difficult since it varies
from tens to hundreds of meters and the mixing processes between heat and

momentum are quite different (Koracin and Rogers 1990). Although an

3



assumption was often made about the existence of a “master length scale” to
which all other closure length scales are related, the formulation of the master
length scale is often done by trial and error and only applies to a specific region
like the boundary layer. Instead of using experimental data, most length scales
are formulated to achieve a preferred model behavior (Tjernstrom 1993).
Experimental data has proven useful in determining length scale patterns in the
atmospheric boundary layer (ABL), which has a depth of 1-2 km above sea level.
However, data needed to determine the scale above the ABL is usually

insufficient, making parameterization difficult.

Within a turbulent region there are different length scales. The thermal

length scale, /,, is associated with temperature fluctuations and the momentum

length scale, I _, represents the size of velocity fluctuations. During the day,

heating of the earth’s surface by the sun forms thermal convective cells of
horizontal size L, within the boundary layer. This research focuses on 2 different
data sources in investigating the length scales: micro-thermal balloon data and

data from acoustic sounder measurements.

2. Thermosonde Measurement
The purpose of the first investigation was to examine the relationship

between the thermal length scale /, and the gradient Richardson number Ri,

using experimental data from balloon launches. Several atmospheric parameters

influence the thermal length scale and the gradient Richardson number Ri, and

it is necessary to explain how these parameters affect one another.



a. Kolmogorov’s Approach to Turbulence

To deal with the randomness of atmospheric turbulence,
Kolmogorov used a statistical approach that relies on dimensional analysis to
handle the spatial and temporal fluctuations (Max 2003). By assuming
homogeneity and isotropy at least in a local volume, and if the random processes
have slowing varying means, structure functions represent the intensity of the
fluctuations of f(rq,r2) over a distance between ry and r,. Using the mean square

differences, the structure function of f(rq,rp) is:
—_ — — — T2
D7) = ([FE) )] ). 2)

According to Kolmogorov's turbulence theory, turbulent eddies
range in size from macroscale to microscale, forming a continuum of decreasing
eddy sizes. Energy from convection and wind shear is first added to the system

at the outer scale L, (10’s - 100’s of meters) before it cascades to a smaller
scale /, (~ 1cm) where viscosity converts the energy to heat (Andrews 2001). By

dimensional arguments and assuming an incompressible isotropic,
homogeneous medium, Kolmogorov showed that the longitudinal structure

function of the velocity is:
D,(r)=Czr??, l, <r<lL,. (3)

The r?'® proportionality of the structure function in the inertial range

(I, <r<L,) applies to other structure functions such as temperature and

refractive index. The refractive index structure function is:
D,(r)=Cir*"?, (4)

where C? is the refractive index structure parameter, or the optical turbulence

-2/3

parameter (m™=~). Comparing equations (2) and (4), the refractive index structure

parameter has the form:



cz=v ' 7/ (5)

While C? is the critical parameter that describes optical turbulence,

it is extremely difficult to measure C? directly using standard techniques since
the index of refraction of the atmosphere is influenced by the atmosphere’s
temperature, pressure, moisture and the wavelength of the electromagnetic

wave. However, C> depends on the temperature structure parameter, C? which

can be measured directly. C? has a mathematical form similar to C?:

o {0:77)

Though the refractive index depends on the dry-air wavelength, it is
typical to ignore the wavelength dependence and assume a wavelength of 0.5um
(Beland 1996). The index of refraction is

n=1+79x10°P/T . (7)
Taking the partial derivative of the air density with respect to the
temperature and assuming isobaric density fluctuations, the optical turbulence
parameter C,f relates to the temperature structure parameter Cﬁ by
2 2
c? :(2—;) c? :(79x106%] cz, (8)

® C2? is the temperature

where C? is the optical turbulence parameter in m?
structure parameter in K2m?°Pa?, P is the air pressure in mbar and T is the air
temperature in Kelvin. Therefore, the temperature structure parameter C? is

2
C2 = S, 9)

5.
(79><']0_6 7,2)




b. The Outer Length Scale
In meteorology, the potential temperature & for dry airflow is a
conserved property. It is the temperature of a dry parcel of air at temperature T

and pressure P transported adiabatically to a reference pressure P, , typically
set at 1000 mb. Mathematically, the potential temperature, @ is

R
o - T(%]C" , (10)

where R is the universal gas constant and C, is the specific heat capacity at
constant pressure.
Both C? and C? vary with height and location. To account for these

variations, Tatarskii (1961) related the altitude dependent temperature structure

parameter C?(z) to an outer scale L, by

T 2
C?(z)zaL‘;’s(z{%%J . (1)

where L, is a length scale in meters, 6 is the potential temperature in Kelvin and
a ~ 2.8. The outer scale L, in equation (11) does not distinguish between the
thermal /, and velocity /  length scales. The distinction between the two has

evolved in more recent experimental work within the last decade. Since equation
(11) relates the temperature structure parameter to the potential temperature

gradient, the length scale L, is actually a thermal length scale /, .

The objective of the first part of this thesis was to use the
microthermal balloon data and equation (11) to solve for the thermal length scale

I, . Equating equations (9) and (11)



3/4

/h—[C"z(—mxmapﬁ]] . (12)

a TO dz

The difference in potential temperature at two different locations

p RIC, p RIC,
0,-0,=| T, 2| -T.|. 13
0= ) [(Pj J (13

The reference pressure introduces an artifact in the potential

from equation (10) is

RICp
temperature difference (%’] because mixing does not extend all the way to
1

the surface. When computing C?, the adiabatic temperature change induced by

2 RIC, i
[Tz [sz 71} (14)

which requires using a local pressure reference P, = Py. Therefore the local
potential temperature gradient is

RIC,
T2 [Rj _T1
[dﬁ} _0,-0, | "\~
local

dz z, -z, z,-z

turbulence is the second term

(19)

Equivalently, using equations (10) and (13), another form for the

equation is
[ﬁ} :ﬁ_T(z)_ (16)
dZ local dZ H(Z)
Using equations (12), (15) and (16), the thermal length scale, /,
becomes



r 13/4

p \RiG
o | = _T
C2(z,z,) Z(sz !

2 zZ —Z
3(79x10_652] 2

1

where C_,f(z1,22) is the average C’ between z, and z,.

c. Gradient Richardson Number, Rij,
Atmospheric turbulence can also be described by the gradient

Richardson number, Ri, which relates the buoyant production of turbulence over

the shear production of turbulence, i.e. free to forced convection. The gradient

g[dej

Rig _ 0\ dz .
de L[V
dz dz

where U is magnitude of wind in the East direction, V is the magnitude of wind in

Richardson number is:

(18)

the North direction and g is the gravitational constant, 9.81 m/s?.

Substituting equations (15) and (16) into (18), the gradient

Richardson number is:

Riy=—— &%) (19)
U, -U, v, -V,
& 22] [z )|

When buoyancy forces displace the atmospheric flow vertically,

they form hydro-dynamical unstable zones, leading to turbulence (Vernin and
Avila 1998). Thus the gradient Richardson number gives an indication when

turbulent motions will occur. Turbulent velocity fluctuations mix the air inducing

9



optical turbulence and C2. Table 1 below shows the relationship between the

gradient Richardson number and turbulence.

Potential Temperature Gradient Static Stability Rig Flow
(006/6z)

>0 Stable >V Laminar

>0 Stable 0<Rig< % Turbulent

0 Neutral 0 Turbulent
<0 Unstable <0 Convective
(Turbulent)

Table 1. Values of the gradient Richardson number for different types of

flows (After Vernin and Avila 1998)

. "E, T
E
£
g
§ . . . X N — \ i .
o c'2 2:("'"‘-'/,)2 22107 328 329 9 (K)!Jﬂ L) 332 333 p2 ') 1 Ri 2 3 + ]

Figure 1.  Profiles of the temperature structure parameter Cf, the potential
temperature ¢ and the gradient Richardson number Ri, (From Vernin
and Avila 1998).

Figure 1 compares the experimental microthermal balloon

measurements of the temperature structure parameter C7(z) to the potential

temperature ¢ and the gradient Richardson number Ri,. Strong C? layers

appear at 6800 and 8400 meters at the upper and lower boundaries of the
turbulent mixed region seen in the middle plot between 7000 and 8200 meters.

This region has a potential temperature gradient near zero with a small
10




Richardson number, which requires forceful, turbulent mixing to create and

maintain.

The vertical extent of the region of strong C?(z) seen in Figure 1 is
a measure of the thermal length scale /, seen in equations (11) and (12). The
full width half maximum of the intense C? patches is around 100-200 meters.

The middle plot shows that the turbulent velocity length scale /_, where the

m?

potential temperature is nearly constant, was about 1000m.  The gradient

Richardson number Ri, drops throughout this constant potential temperature

region. Tjernstrom conducted an analysis of meteorological measurements

collected by an aircraft to relate the /, and / length scales, to the gradient

Richardson number (Tjernstrom 1993).

d. Tjernstrom’s Analysis

In 1989, Tjernstrom conducted a series of aircraft measurements to
analyze different turbulent length scales in terms of the gradient Richardson
number (Tjernstrdm 1993). He collected turbulence data at 50 Hz between 30
and 2000 m above the ocean off the southeast Baltic coast of Sweden. He
measured the length of turbulent temperature sequences of data collected during
shallow descents through turbulent layers of the atmosphere. He found a good

relationship between the thermal length scale /, and the gradient Richardson

number, as seen in Figure 2, and a similar relationship for the ratio of the

exchange coefficients K, to K, of equation (1).

11
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Figure 2. Thermal mixing length against Richardson number. The dashed line is |, =
lo[1 + 15Rig(1+5Rig)"?I'"2, where |y is an asymptotic mixing length for the
neutral limit, taken to be 23 m. (From Tjernstrom 1993)

3. Acoustic Sounder Measurement

In addition to thermosondes on micro-thermal balloons, an acoustic
sounder can also be used to determine length scales. The acoustic sounder
uses acoustic waves scattered by temperature and velocity fluctuations to
measure changes in the refractive index of the atmosphere. It transmits an

acoustic signal into the atmosphere and detects variations in the thermal

structure parameter C? and the velocity structure parameter C>. For energy
backscattered at 180 degrees, the returned signal comes from C? (Tatarskii
1971). Once C? is found, equation (9) provides the optical turbulence parameter

C:.

12



a. Acoustic “Radar Equation”
The power returned from the atmosphere was summarized by Neff

e A1 CO

where g is the received power (P. is the measured electrical power and E, is

r

(1975)

the efficiency of conversion from received acoustic power). PE, is the

transmitted power (P, is the electrical power applied to the transducer, E, is the

—2aR

efficiency of conversion to radiated acoustic power). e““"is the round trip loss of

power resulting from attenuation by air where « is the average attenuation (m™)

to the scattering volume at range R(m). o, is the backscatter cross section per

unit volume and % is the maximum effective scattering volume thickness where

c is the local speed of sound (ms™) and 7 is the acoustic pulse length (s). %G

is the solid angle subtended by the antenna aperture A (m?) at range R (m)
from the scattering volume, modified by the factor G that accounts for the non-
uniform antenna illumination.

Tatarskii (1971) expressed the backscatter cross section o, at 180°

as

: (21)

where k =2rz/A is the incident wavenumber, T, is the mean temperature, and
@, (2k) is the 3-D spectrum of turbulence. The cross section o, represents the

in-phase addition of backscattered waves from temperature inhomogeneities

spaced /2 apart along the radial propagation direction. The temperature

13



inhomogeneities can be represented by the temperature structure parameter C?

Neff (1975) and the volume backscatter cross section for 180° returns becomes

[

0, =00039 k"7 (22)

The acoustic volume scattering cross section is proportional to the

temperature structure parameter and the acoustic wavenumber. This provides

the optical structure parameter C? indirectly with high spatial and temporal

resolution.

b. Convective Cells

The heat exchanged between the surface of the earth, the air and
the wind shear determine the structure of the boundary layer, the first 1-2 km
above the surface. At night radiation into space causes a negative heat flux
(heat flux from the atmosphere to the ground) that creates cool dense air next to
the surface. This stable air interacts with the wind to create a series of stratified,
horizontal layers. During the day, a positive heat flux creates convection cells
that rise into the atmosphere with velocities around 5 meters per second. The
size of these cells and the vertical thickness of the boundary layer are coupled
since convection is the dominant energy source during the day. Under natural
conditions, the geometry of these cells is random because of local variations in

the surface heat flux and topography. An acoustic sounder detects the ascending
portion of the thermal plumes as regions of high turbulence with C? values
around 10° times larger that the surrounding air undergoing subsidence. The

autocorrelation of C? or C’ at fixed altitudes as a function of time gives the

horizontal separation between the convective cells when multiplied by the wind

speed.
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Although the vertical thickness of the boundary layer and the lateral
size of the convective cells in the atmosphere are related, a functional
relationship is not yet known. A measurement of the lateral separation between
convective cells is a useful quantity by itself because it determines the horizontal
scale of the optical turbulence degradation on ground based optical systems

such as laser based air defense weapons.
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II.  RESULTS AND DISCUSSION

A. THERMOSONDE DATA

The US Air Force Research Laboratory provided 27 sets of thermosonde
data from Vandenberg Air Force Base for analysis: some of the days were cloudy
and the probes had either iced up or had high noise levels. In this thesis, only
sets of data from the 28 February 2002 launch (2111 LT) and 2 March 2002
(2135 LT) were used. They had high wind speeds of 65 m/s and provided a
good opportunity to relate the turbulence and the outer length scales.

Each balloon launch collected two types of data. The first type included

variables such as altitude, pressure, temperature, relative humidity and the

calculated C>. The data rate was one sample every 1.2 seconds, or about once

every 5-6 m of ascent. The second was the GPS derived wind data that included
the altitude, wind speed and direction. This data was taken once every 2
seconds, or about once every 8-10 m of ascent. Both data sets included
measurements up to 30 km. These variables were used to calculate the thermal

outer length scale /, and the gradient Richardson number Ri, from equations
(17) and (19).

The data collected by the thermosondes were random and needed to be
filtered to average the fluctuations and suppress the limited temperature
precision. A 5" order Butterworth filter was used to filter the data in both
directions to remove the phase distortions. These variables included

temperature, pressure and wind velocities.
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1. Quantizing Errors in the Temperature Profiles

Figure 3 shows the temperature profiles of the atmosphere for the balloon
ascent on 28 February 2002 launch (2111 LT). The resolution of the Vaisala
rawinsonde measurements was only 0.1 K. The sudden temperature steps
created problems computing vertical temperature gradients. To remove the edge
effects of the temperature measurements, the MATLAB FILTFILT function was
applied twice to smooth the data. The filter was a 5" order Butterworth filter low
pass filter with a normalized cutoff frequency of W,= 0.2 of the Nyquist sampling
frequency. Figure 4 shows a comparison of the filtered and unfiltered
temperature profiles with an expanded scale.

¥ 10 Height (m) vs Temperature (K]
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Height (rm)
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Figure 3. Temperature Profile of Atmosphere (Balloon launched on 28 Feb 02, 2111
LT, Vandenberg Air Force Base)
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Figure 4. Comparison of Filtered and Unfiltered Temperature Profiles

2. Filtering of Pressure and Altitude

As the balloon ascended into the atmosphere, wind shear perturbations
caused the package and the measuring instruments to oscillate like a pendulum.
Not only did this swaying motion affect the accuracy of the barometer in
determining the pressure, it also biased the altitude calculated from these
pressure readings. To overcome this problem a double pass 5" order
Butterworth filter with W,=0.1 removed the swinging from the balloon’s pressure
measurements. Figures 5 and 6 show the pressure profile and the comparison

between filtered and unfiltered pressure readings.
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Figure 5. Pressure Profile of Atmosphere (Balloon launched on 28 Feb 02, 2111 LT,
Vandenberg Air Force Base)
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Figure 6. Comparison of Filtered and Unfiltered Pressure Profiles
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Pressure is an important variable because it directly affects the calculation
of the height of the balloon. To ensure a reliable altitude, the filtered pressure
was used to calculate the height of the balloon using the hypsometric equation.

Holton (1979) gave the hypsometric equation as:

z,—-2,=- RT, {In(ijzl , (23)
g A

where T is the mean temperature between altitudes z, and z,. P, and P, are
the respective pressures at altitudes z, and z,. This calculated hypsometric

height gave a more consistent, lower noise representation of the actual ascent as
compared to the height readings in the data.

3. Velocity Profile

The GPS wind data were tabulated in terms of magnitude and the
direction was expressed in degrees on a 360-degree circle. To compute the
gradient Richardson number, the wind data was expressed in two vector
components: one component referenced to the east (U wind) and one
component referenced to the north (V wind). Since the sampling rate of the
turbulence data is higher than the wind data, a cubic spline function in MATLAB
interpolated the components of the wind speed to match the time periods of the
other meteorological variables. A two pass, 5" order Butterworth filter with a
normalized cut-off frequency of W,=0.3 smoothed the interpolated u and v wind
components. The wind profiles are shown in Figure 7 below. Note the strong

westerly wind (U wind) at the tropopause.
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Figure 7.  Wind Profiles in the Atmosphere (Balloon launched on 28 Feb 02, 2111
LT, Vandenberg Air Force Base)

4. Potential Temperature
From equation (10), the potential temperature 6 depends on the

temperature T and the pressure P. Figure 8 shows the potential temperature

profile using the filtered temperature and pressure data.
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Figure 8. Potential Temperature Profile (Balloon launched on 28 Feb 02, 2111 LT,
Vandenberg Air Force Base)

5. Turbulence in the Atmosphere

Figure 9 compares the optical turbulence parameter C?, the potential
temperature ¢ and the gradient Richardson number Ri; . A neutral region (ﬁ ~

0) at 12.8 km is located and it has a corresponding low Richardson number.

Similar to the results of Vernin and Avila (1998), this region is the area where

there is turbulent mixing of air and it lies between two high C? or C? layers. The

~150 m thickness of this neutral region is a measure of the momentum length

scale /. The thickness of the C,2 regions at the upper and lower boundaries of
the turbulent region have thermal length scales /, of 60 and 45 m respectively.

The plots show that when atmospheric turbulence is large enough to produce a

neutral potential temperature gradient, Ri, drops to near small values.

Correspondingly, two outer length scales /, form at the boundaries of the neutral
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region of the potential temperature. Although the comparison in this case was
good, this single case of agreement was not enough to draw a good relationship

between the thermal scale length and the gradient Richardson number from the

overall data.
Plots of Cn2, Potential Temperature and Ri
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Figure 9.  Profiles of optical turbulence parameter C2, the potential temperature
and the Richardson gradient number Ri, . (Balloon launched on 28 Feb
02, 2111 LT, Vandenberg Air Force Base)

6. Gradient Richardson Number and Outer Length Scale

The outer length scale /, and the gradient Richardson number Ri, were

calculated from the turbulence and wind data at every altitude using equations

(17) and (19). While there is a single case of agreement between C?, ¢ and Ri,

at 12.8 km, the data did not reveal a clear relationship between the outer length

scale /, and the Richardson number Ri, at other heights as shown in Figure 10
below. Figure 11 shows another plot of /, and Ri, using data collected on 2

March 2002 launch (2135 LT). The two figures represented different launch
24



times of the balloon when there were clear skies and minimum noise. Although
filtering of the data had been applied, the data scattered over three orders of

magnitude, leading to unrealistic outer length scales (/, > 1000 m) and
Richardson numbers (Ri, > 100). The large scatter made it difficult to

determine a functional fit and at best, only an inverse relationship between the
outer length scale and the Richardson number is apparent. Part of the scatter
may come from using all of the balloon data, regardless of the strength of

turbulence.

5 Plot of lh vs Ri (28 Feb 02, 2111 hr)
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Figure 10. Plot of /, and Ri, for every data point in the microthermal balloon data of
28 Feb 02, 2111 LT, Vandenberg Air Force Base.
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5 Plot of lh vs Ri (02 Mar 02, 2135 hr)
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Figure 11. Plot of /, and Ri, for every data point in the microthermal balloon data of
2 Mar 02, 2135 LT, Vandenberg Air Force Base

7. Discussion

Although using equation (12) to determine the length scale from the
thermal turbulence data was sound, the microthermal and wind data from the
balloon launches was not good enough to find a relationship between the thermal
length scale and the gradient Richardson number. There were several potential
problems that could have resulted in the large scatter of the results shown in
Figures 10 and 11. They were (i) swaying of the balloon during ascent, (ii)
horizontal inhomogeneity, (iii) under-sampling of the data, or (iv) lack of a

meaningful relationship in regions of non-neutral stratification.

The measurement package under the balloon had pendulum-like
oscillations by the winds that could not be entirely avoided. The Global
Positioning System (GPS) sampled the swaying of the package as a wind
component and added noise to the data. Filtering smoothed the data and

reduced the effects of the package motion, but also eliminated some of the
26



vertical resolution needed for computing wind shear. Incorporating fins or other
components that introduce drag to the horizontal motion will reduce the swaying
of the sonde sensor package; however this would introduce more weight and
complexity to the sonde system. This thesis assumed that atmospheric
parameters are locally homogenous and since the probes were located less than
1 m apart, horizontal inhomogeneity was unlikely to contribute to the large scatter

in the data.

A main source of the large scatter was from under-sampling of the data
and from insufficient statistical averaging. Kolmogorov’s theory uses ensemble
averages to determine turbulence quantities. It is important to have enough
temporal or spatial samples to make a meaningful average. Unfortunately, the

sample rates of the temperature, pressure and wind data were only once every
1.2 seconds (5-6 m) and 2 seconds (8-10 m), respectively. The C? thermal

sensors and electronics had a bandwidth of about 200 Hz and formed a RMS
average sampled every 1.2 seconds. During an ascent, the balloon sensor only
makes one pass through a turbulent layer. This snapshot of the atmosphere did
not provide the statistical sampling and averaging needed for computing a robust
mean value, or a gradient. Redesigning the thermosonde to provide a higher
sample rate will help to some extent and this has been done (Walters et al.
2001), but the problem of making multiple measurements in a layer to arrive at
good mean values still exists. By slowly descending through a layer with an
aircraft, Tjernstrom was able to make an extended sequence of measurements
within a single layer, and extract meaningful thermal length scales, although not

without great difficulty.

Using all of the microthermal balloon data points created additional
problems. Equation (12) should not apply for stable, non-turbulent, atmospheric
regions. This would add to the scatter seen in Figures 10 and 11.  Attempts to
restrict the data set to regions with neutral potential temperature gradients were
not successful because of the 0.1K temperature probe resolution, which required

filtering, and the long thermal time constant of the temperature probe. These
27



artifacts obscured the smaller neutral regions and reduced the vertical extent of

the larger regions.

B. ACOUSTIC SOUNDER DATA

The acoustic sounder was directed vertically into the atmosphere to collect
atmospheric data from 1 March to 29 March 2002 at the Starfire Optical Range in
Kirtland Air Force Base, New Mexico. Operating with a 4 KHz, 10-millisecond

acoustic pulse, the acoustic sounder sampled the temperature structure

parameter C? between 5 and 100 meters every second. The optical structure

parameter C> was later calculated from the measured C? values. The Doppler

frequencies of the returned signals were also captured. An anemometer located

15m above the ground measured the wind speeds.

In order to measure the convective thermal separation, only the daytime
data from 1000-1600 LT were used for analysis. A generally noise free data set
collected on 3 March 2002 was chosen to determine the size of the convective
cells from the wind and acoustic data before extending the approach to all the
data in March 2002.

1. Results

The C? and Doppler frequencies measured over a 10-minute or 600-
second interval (3 March 02 from 1210-1220 hrs) are plotted in Figure 12 below.
Figure 12 shows a plot of the magnitude of C? represented in terms of intensity
with the radial Doppler frequencies of + 4 m/s as color for a 600 second interval.
The red regions are plumes of air (similar to convective cells) moving upwards,
and the green regions have zero vertical motion.  The region of interest is
restricted between 20-50 m because at higher altitudes, extraneous noises

tended to corrupt the data.
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Figure 12. Plot of C? represented as intensity and vertical velocity as color between

10 and 150 meters over a 600 second interval (3 March 02, from 1210 —
1220 MST). The red regions are plumes of air moving upwards ~4/m/s
and the green regions have zero vertical motion.

a. Correlation of Optical Structure Parameter
The volume of atmosphere sampled by the acoustic sounder

provided better spatial averaging of C> than the micro-thermal balloon data. The

balloon makes a single transit through a turbulent layer, which is a line through a
three dimensional region, whereas the acoustic sounder receives energy from a
4-5 m in diameter, 2 m thick ensonofied volume. To minimize the effects of noise
in the data, an average of the C,? values between 20-50 m for individual acoustic
pulses formed a 600 second time sequence. The autocorrelation function of this
sequence provided the duration between a thermal, convective plume with high
C.? values and the adjacent, quiescent region. Multiplying the correlation times
by the corresponding anemometer wind speed provided the distance between

the regions of C,? minima and maxima.
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Figure 13 shows an autocorrelation plot with many maxima and
minima that could occur. The complex structure represents small-scale thermal
plumes 20 seconds or approximately 200 m across close to the ground in the
process of coalescing to form larger thermal cells on the order of 1-2 km. These
multiple scales made establishing a size for the thermal plumes subjective, and
different processing techniques would give different results. Averages made at
25, 50 and 75 meter altitudes above the ground gave different correlation times,
and these times would change depending on the length of the sequence of time
200, 300, 500, 800 seconds used for the autocorrelation. The multiple scales in
the data likely reflect the location of the acoustic sounder and the orographic
structure of the Starfire Optical Range. The sounder was located near the top,
but on the south side of a 70 m hill. The outer scale in convective boundary
layers usually scales with the altitude z above the ground, as well as the
boundary layer inversion height z; (Kaimal 1976). The height of the acoustic
sounder data above the hill introduces a third scale height that was prevalent in

the data of Figure 12 below 40 meters.

A robust technique was needed to determine the size of the thermal
cells. The larger scale represented the size of the thermal plumes that form and
define the convective boundary layer. A Butterworth filter with a cutoff of W, =
0.02 of the Nyquist frequency was able to extract the larger scale size
consistently. Figure 14 shows the filtered autocorrelation sequence of the data
seen in Figure 13. The correlation time was 103 seconds, and the corresponding
correlation length was 1.5 km. A stronger 320-second negative correlation
appears in Figure 14 at 280-second. This corresponds to a scale of ~4800

meters and the physical source is not yet known.
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Figure 13. Autocorrelation plot of C2 mean (3 March 02, from 1210 —1220 MST).
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Figure 14. Filtered autocorrelation plot of C2 mean with a 5" order Butterworth filter
for both directions with W, = 0.02.
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b. Correlation Length for March 2002
The approach used to establish the autocorrelation time was
extended to the acoustic data for the whole month of March 2002, which gave

the autocorrelation length by multiplying by the wind velocity. The
autocorrelation length was the distance between a vertical column of C? and the
quiescent region adjacent to the column. The histogram of the correlation
lengths for March 2002 is shown in Figure 16 below. The mean autocorrelation
length was 1590 + 770 m.

Histogram of correlation lengths from Acoustic Sounder (March 2002
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Figure 15. Histogram of midday correlation lengths from acoustic sounder (1000-

1600 MST, March 2002).
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ll. CONCLUSIONS AND RECOMMENDATIONS

A. THERMOSONDE
The results of the investigation showed a large scatter of the thermal outer

length scale /, and the gradient Richardson number Ri, computed from the

micro-thermal balloon data despite filtering the noisy data. Although an inverse

relationship between /, and Ri, was observed, the large scatter made it difficult

to make a meaningful functional fit. Furthermore, the analysis produced

unrealistic outer length scales (/, > 1000 m) and Richardson numbers (Ri, >
100).

A dominate source of the large scatter was from the under sampling of the
turbulence data. The rapid transit of the balloon through a turbulent region
caused insufficient statistical sampling to perform meaningful averages of the 20-
80 m turbulent layers. In addition, the pendulum swaying of the package
required averaging over an oscillation period. This reduced the vertical
resolution of the GPS wind data to 50-100 meters, which degraded or removed
the subtle wind shears need for accurate Richardson number calculations. Using
every data point in the balloon data set may have contributed to the large scatter,
since the analysis included non-turbulent regions. An analysis that used only
strong turbulent layers might reduce the scatter. Obtaining the thermal length

scale /, or the momentum scale / from the balloon data is challenging. Higher

temporal resolution will help somewhat, but more robust algorithms are required.

B. ACOUSTIC SOUNDER
The volume backscatter cross-section sampled by the acoustic sounder

provided a better sampling of C? than the micro-thermal balloon. Convective

thermal cells appear as regions of strong thermal turbulence to an acoustic

sounder. An autocorrelation of a time sequence of C? at fixed altitudes provided
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the size of these convective cells. At least three length scales appeared in the
daytime data, associated with the height of the hill above the surrounding area,
the height of the data above the hill and the horizontal thermal separation.
Strong low pass filtering removed the shorter scale lengths and the mean
autocorrelation length between the large thermal cells for the month of March
2002 was 1590 + 770 meters. Data from other time periods needs to be
analyzed to see how this scale varies throughout the year. The significance of
the shorter and larger length scales seen in the autocorrelation analysis needs to

be resolved.
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